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different subtypes (A to K) within the major M Group, and 48 circulating recombinant forms (CRFs) have been described so far. 1 Recent estimates indicate that 33.4 to 35.8 million people worldwide are infected by HIV-1, 2 with sub-Saharan Africa as the most heavily affected region accounting for 67% of all infections. The sub-Saharan African epidemic, however, varies significantly from country to country in both scale and scope. Adult national HIV-1 prevalence is below 2% in several countries of West and Central Africa, as well as in the horn of Africa, but it exceeds 5% in most Central and East African countries including Cameroon, the Central African Republic, Gabon, Malawi, Mozambique, Uganda, and the United Republic of Tanzania. 2 Cameroon hosts one of the broadest genetic arrays of HIV viruses suggesting that the country may be one of the epicenters of the African epidemic. In addition to each of the Group M subtypes and several CRFs, HIV-1 Groups N, O and P as well as HIV-2 strains have been identified in the country. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The first AIDS case in Cameroon was diagnosed in 1985. 18 Since then, about 540,000 cases have been officially reported. Cameroon is currently facing a generalized epidemic, with adult (aged 15 to 49 years) prevalence in the range of 3.9-6.2%. 2 Recent studies show a consistent increase in prevalence of several CRFs including CRF02_AG, CRF01_AE, CRF06_cpx, CRF09_cpx, CRF11_cpx, CRF13-cpx, CRF18-cpx, CRF22-cpx, CRF25_cpx, CRF37_cpx. 9, 11, 12, 15 In 2002, the phylogenetic characterization of isolates obtained from subjects living in the cities of Yaoundé , the capital, and Douala showed that 60% of samples were CRF02_AG. 13 Recent data from Yaoundé also indicate that the CRF02_AG strain represents up to 50% of the total infection. 15 CRF02_AG
prevalence has been increasing not only in West and West-Central Africa, 8, [13] [14] [15] [19] [20] [21] [22] [23] but also in different countries of Europe, [24] [25] [26] [27] such as Italy, [28] [29] [30] [31] [32] because of migrations from the subSaharan region. This viral variant is one of the most prevalent recombinant forms of HIV-1 in the world, responsible for at least 5% of infections. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Materials and Methods

Datasets
The analysis was performed on reverse transcriptase (RT, amino acid positions This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
The new 53 sequences analyzed were generated by HIV genotype analysis on 1 ml plasma samples by means of a commercially available kit (ViroSeq HIV-1 genotyping system; Abbott Laboratories). Briefly, RNA was extracted using a commercially available kit (QIAmp Viral RNA mini-kit, Qiagen Inc., USA), retrotranscribed by murine leukemia virus RT, and amplified with Amplitaq-Gold polymerase enzyme by using two different sequencespecific primers for 40 cycles. RT-PCR was regularly launched with a positive and a negative PCR control. Pol-amplified products (containing the entire protease and the first 335 amino acids of the RT open reading frame, 1302 nucleotides) were full-length sequenced in sense and antisense orientations by an automated sequencer (ABI 3130) by using seven different overlapping sequence-specific primers. 35 The sequences were analyzed using SeqScape-v.2.5
software. The quality endpoint for each individual was ensured by a coverage of the protease and RT sequence by at least two sequence segments. Sequences having a mixture of wildtype and mutant residues at single positions were considered to have the mutant(s) at that position. HIV-1 subtypes were determined by phylogenetic analysis of pol region sequences, as previously described. 36 
Phylogenetic analysis
Multiple sequence alignments were obtained with the Clustal algorithm 37 
Molecular clock analysis
To obtain a Bayesian estimate of the origin of the major CRF02_AG sub-epidemics in Cameroon, sequences belonging to each highly-supported clade were constrained to be monophyletic. The evolutionary rate (nucleotide substitutions per site per year) and the time of the most recent common ancestor (TMRCA, years) were inferred using sequences sampled at different time points by the MCMC approach implemented in BEAST. The analyses were performed with the same nucleotide substitution model and coalescent prior described in the previous section assuming a strict or a relaxed molecular clock. 42 Separate analyses were performed using either the root height of the tree or uniform root height, setting up the lower
and upper values to 1908 and 1933, respectively, as assumed to be the 95% confidence interval for the HIV-1 group M origin. 43 An MCMC was run for 100,000,000 generations 
Bayesian model selection
Different molecular clock and demographic models were compared by calculating the Bayes Factor (BF), which is the ratio of the marginal likelihoods (marginal with respect to the prior) of the two models being compared. 44 We calculated approximate marginal likelihoods for each coalescent model via importance sampling (1,000 bootstraps) using the harmonic mean of the sampled likelihoods (with the posterior as the importance distribution).
The difference (in log e space) of marginal likelihood between two models is the log e of the This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Phylogeographic analysis
For Calculations were carried out with MacClade v.4.06. 47 The viral gene-flow (migrations) among different regions was traced using the State changes and stasis tool (MacClade software), which counts the number of changes in a tree for each pair-wise character state.
Viral gene-flow counts were traced for each of the four datasets and then averaged.
Geographic information system (GIS) data acquisition
Accessibility Maps were drawn with ArcGIS software with data obtained from the Africover Initiative (FAO-UN). An accessibility map shows the travel time to the nearest city of population >100,000 people, using road/track-based travel. This accessibility is computed using a cost-distance algorithm, which computes the "cost" of travelling between two locations on a regular raster grid 48 based principally on road network data extracted from the This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Results
Phylogeny of HIV-1 CRF02_AG in Cameroon and Italy
Among the 291 sequences from Cameroon analyzed, about 30% appeared to be intermixed with other African sequences in the ML tree ( Fig. 1) This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
distantly related to each other. Two highly supported clades, comprising two Italian strains each, clustered with one strain from Mali (aLRT, p=0.67) and strains from Cameroon and Mali (aLRT, p=0.81), respectively. The remaining two sequences were significantly related to strains from Ivory Coast (aLRT, p=1.0) and Mali (aLRT, p=0.78). Overall, the results strongly suggest at least four independent events leading to infection of Italian subjects with African CRF02_AG.
Phylodynamics of CRF02_AG Cameroon clades
The evolutionary rate and the TMRCA of each of the three Cameroon monophyletic clades were estimated by molecular clock analysis. Separate Bayesian genealogies were obtained for strains belonging to each clade and the molecular clock was calibrated by employing the known sampling time of each strain. As expected, the relaxed molecular clock fitted the data significantly better than the strict molecular clock for each clade (Supplemental Table 2 ). The median estimate of the evolutionary rate resulted in 1.3 x 10 -3 (95% HPD = 0.7
x 10 -3 -2.3 x 10 -3 ), 1.4 x 10 -3 (95% HPD = 0.8 x 10 -3 -2.6 x 10 -3 ) and 1.6 x 10 -3 (95% HPD = 0.7 x 10 -3 -3.7 x 10 -3 ) for clade 1, 2 and 3, respectively. The marginal density of the rates obtained from the Bayesian analysis, which represents the variance of the molecular clock, were also largely overlapping and all three clades appeared to have emerged at about the same time during mid to late 1970s (Fig. 2) .
To investigate further the population dynamic patterns of each CRF02_AG Cameroon clade, we compared different demographic models of effective population size (Ne) change over time. Surprisingly, the constant size model could not be rejected when compared to the exponential growth model or the non-parametric Bayesian Skyline Plot (Supplemental Table   3 ). Bayesian estimates of median Ne for the constant model were about 1.5 times larger for clade 2 and 3 than for clade 1, but since the 95%HPD appeared to be completely overlapping, This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
the hypothesis that Ne was not significantly different for different clades could not be rejected (Table 2) . Overall, the data indicate that clade 1, 2 and 3 emerged simultaneously and have been spreading at a relatively low but similar rate within three distinct Cameroon epidemiological networks.
Phylogeography of CRF02_AG Cameroon clades
The next step of the analysis was to ascertain whether specific phylogeographic trends existed in different clades. Clade 1 and 3 did not show any significant metapopulation structure (p>0.05; Fig. 3 ). Weak metapopulation structure was observed for clade 2 (p=0.0001; Fig. 3 ) where two distinct sub-populations, one including strains sampled from
Western cities and the other sequences from central Cameroon, were evident in the Bayesian genealogy (Supplemental Fig. 3 ). To better characterize the geographic distribution and spread of HIV-1 CRF02_AG strains within the country, the location of all Cameroonian strains was superimposed on the country map and compared with accessibility data (Fig. 4) .
The sampling sites were most densely distributed in the Southwestern part of Cameroon (Fig.   4A ). The accessibility map (Fig. 4B ) suggested a potential correlation between the strong accessibility network in the south and the dissemination of discrete sub-epidemics. The map displayed the estimated time to travel from any location to the nearest major urban center, defined as a urban area with >100,000 inhabitants. Cities interconnectivity was very strong in the Litoral and Central regions, around Douala, the most populated city in Cameroon, and
Yaoundé , but became progressively lower towards the Northern region. Indeed, northern Cameroon appeared to be largely disconnected from the south and more connected with N'Djamena, the capital of Chad. The phylogenetic analysis also showed that CFR02_AG strains from Italian individuals, as well as from non-Cameroonian African immigrants residing in a small locale of northern Italy, were intermixed throughout the tree. In particular, most of the Italian sequences were only distantly related in the phylogeny, which was indicative of at least four independent events leading to infection of Italian subjects. Additional studies including sequences from This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Discussion
multiple regions in Italy are needed to assess the frequency and extent of CRF02_AG spillover into the country. However, given that the HIV strains analyzed were sampled from a relatively small geographic area, it is remarkable that several independent introductions were already observed.
Data from the Italian National Institute of Statistics showed that in recent years African immigrants have constantly been increasing in the country (Fig. 5) . This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
among individuals and vaccine recipients, it is reasonable to expect that a vaccine with an antigenic composition including CRFs may induce more effective response. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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